INTRODUCTION
In recent years there has been a growing interest in textile products made of bioactive chemical fibres. Disinfecting agents (biocides) are integrated into the structure of the fibre or they are attached to their surface; they are released after contact of microorganisms with the surface of the fibre [1, 2] .
The biocides used in the textile industry represent various groups of chemical compounds, e.g., aldehydes (HNA), diphenols (Triclosan), quaternary ammonium salts (Sanitized), halogen combinations, metal ions (Ag, Zn, Cu), metal oxides (titanium oxide), natural and synthetic dyes with biocidal properties, and even antibiotics [3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13] . Manufacturing bioactive fibres involves durable binding of biocides with fibres. The manufacturing process consists of introducing metal particles into the zeolites added to the fibres during their formation, attaching antibiotics through graft copolymerization or by processing existing fibres, e.g., coating fibres with films or incorporation into fibres [2, 11] .
Bioactive fibres have numerous applications: in hospitals, in the military, in some public utilities and in daily life. They can be used in the production of hospital bed linen, mattresses, blankets, dressings, socks, underwear and protective clothing [12, 13] . The production of filter nonwovens for respiratory protection against bioaerosols is a new area of application [14] . It is necessary to use bioactive fibres in filtering half masks for respiratory protection for workers exposed to biological agents, e.g., pathogenic bioaerosols. Thanks to their antimicrobial properties, bioactive filter materials reduce or eliminate the causes of epidemic diseases and intrahospital infections; they also decrease the risk of allergies. Filtration and biocidal activity of textile materials used in the production of half masks against airborne, including pathogenic, microflora has not been assessed yet. Bioactive filter materials are used in various conditions; therefore, it is important to study their efficiency as modified by factors related to nonwovens, microorganisms and the environment.
This study evaluated antimicrobial activity of needle-punched and melt-blown filter nonwovens in their use in the manufacturing of filtering half masks. The nonwovens used in this study had various chemical composition and active ingredients. The study included examination of growth inhibition effects and biocidal effects for different contact times of those nonwovens and microorganisms. The efficiency of the nonwovens against diverse microflora was also assessed. Table 1 lists the nonwovens used in the study.
EXPERIMENTAL

Tested Materials
Tests were carried out with samples of fabrics; 2 ´ 2 cm squares were cut and placed in sterile Petri dishes. The fabrics were then inoculated with a suspension of microorganisms. Prior to the tests, the nonwovens were also assessed for microbiological purity. Squares of nonwovens (4 ´ 4 cm samples) were transferred into a solution of physiological salt (0.85% NaCl) to wash out the microorganisms from the material and were shaken for 15 min; the samples were seeded in a sterile Petri dish, and poured over with halfliquid TSA (tryptic soy agar) and Sabouraud media. The purity was acceptable, and the number of microorganisms in input fabrics did not affect the final result. 
Microorganisms
Media and Reagents
The following culture media were used: TSB was used to activate bacteria prior to preparation of the inoculum suspension; TSA was used to culture bacteria in Petri dishes after their contact with fabrics; Sabouraud (a liquid medium) was used to activate yeasts (Candida albicans) prior to preparation of the inoculum suspension; a solid medium was used to culture yeasts on Petri dishes after their contact with fabrics; MEA 7°Blg (a slant medium) was used to activate the moulds (Aspergillus niger, Penicillium chrysogenum) prior to preparation of the inoculum suspension and in the form of mould culture plates after their contact with the fabrics. Physiological salt was used for dilutions and to wash out microorganisms from fabrics.
TEST METHODS
All textiles were inoculated with 0.1 ml of the inoculum suspension of microorganisms. Each material sample was inoculated three times, with three durations of incubation; they were incubated at 37 (bacteria, yeasts) or 27 °C (moulds) in a sterile Petri dish. The samples were taken at 0, after 4 or after 6 h from material inoculation. The samples of materials were subsequently transferred into 100 ml of physiological salt to wash out the microorganisms from the fabric and they were shaken for 15 min in a water bath. The samples were diluted in sterile physiological salt and seeded in a sterile Petri dish. Subsequently they were poured over with a half-liquid TSA (bacteria), Sabouraud (yeasts) or MEA (moulds) medium, mixed and left to cool. Next, the samples were incubated at 37 for 48 h (bacteria, yeasts) or at 27 °C for 72 h (moulds). After that time all grown colonies were counted. On the basis of the results, a mean value for each microorganism was calculated for each duration of incubation and each textile material (the tests were carried out three to five times, depending on the sample and the duration).
METHODS OF CALCULATIONS
Biostatic and Biocidal Activity
The antimicrobial activity was calculated from the results presented as a mean number of microorganisms per test (Cfu/test) for a given duration of exposure. The antimicrobial activity of the tested nonwovens was described with two parameters, (a) the biostatic effect, i.e., the inhibition of microorganism growth and (b) the biocidal effect. For the purpose of the present study, the criteria for the activity of nonwovens were established using normative regulations for determining biostatic and biocidal effects of disinfectants for bacteria and fungi as provided by Standards No. EN 1276:2009 [15] and EN 1650:2008 [16] . In short, the activity below 0.5 was regarded as low and meant a threefold decrease in the number of microorganisms; whereas, the activity of 3 or more for fungi and bacteria was regarded as high and meant a thousandfold decrease in the number of microorganisms.
The biostatic (inhibiting) activity was calculated with the formula
where A-number of microorganisms per test after exposure time t with the control nonwoven, B-number of microorganisms per test after exposure time t with the bioactive nonwoven. The biocidal activity was calculated with the formula
where C-number of microorganisms per test after time t = 0 with the control nonwoven, B-number of microorganisms per test after exposure time t with the bioactive nonwoven.
Microorganisms Survival Index
Because the microbiological analyses for the tested textile materials were not done at the same time and because microorganisms themselves are characterized by their specific growth physiology, to compare the obtained data the microorganisms survival index N t was calculated with the following equation
where N 0 -number of microorganisms on the sample of the textile material for time t = 0, Nnumber of microorganisms on the sample of the textile material for time t n . 
Statistical Methods
Statistical calculations were done with arithmetic mean (M), standard deviation (SD) [17] ; whereas, significant differences between groups of data were analysed with the F (ANOVA), LSD and Dunnett's tests [18] . Statistical analyses were done with Statistica version 6.0.
RESULTS
Evaluation of Antimicrobial Activity of Filter Nonwovens
On the basis of the results obtained in examinations of the number of Escherichia coli and Staphylococcus aureus during their exposure on filter nonwovens (potentially bioactive nonwovens and control nonwovens), N t (Table 3) and biostatic and biocidal activities (Table 4) were calculated for bioactive nonwovens. Table 5 presents the results of statistical analyses of surviving microorganisms. Table 3 shows that during incubation the index of microorganism survival on various nonwovens (N t ) decreased until the 6th hour of incubation time. For nonwovens XIII-XV, the decrease in N t was high after 4 and after 6 h for both E. coli (N t = 0.000-0.001) and S. aureus (N t = 0.000).
It was found that the biostatic activity of all tested nonwovens was considerably lower than their biocidal activity ( Table 4 ). The bactericidal effect increased with time, after 6 h the biocidal activity of the tested nonwovens was significantly higher as compared to 4-h incubation. In view of the lower biostatic activity, the differences in the growth inhibition effect for different incubation times were not noticeable, like for the biocidal activity. It was concluded that some needle-punched nonwovens with potentially bioactive properties did not show any antimicrobial effects, as proven by the negative values of biostatic activity, which means that in these nonwovens the number of bacteria grew during their exposure, as compared to the control nonwoven (without an active agent). They were nonwovens III, IV, VII, IX, X, XI. Those nonwovens were composed of polypropylene fibres with an addition of silver in various forms and concentrations, and were mainly made with melt-blown technology. Melt- blown nonwovens II, III, IV containing silver in various concentrations showed medium biocidal activity against E. coli and S. aureus, which was revealed after 6 h of incubation (Figures 1-2 ). The activity was higher for S. aureus bacteria. Polyester needle-punched nonwovens XVII and XVIII interacted with medium biocidal activity, but only against Gram-positive S. aureus, while polypropylene needle-punched nonwovens inter acted against Gram-negative bacterium E. coli. The nonwovens mentioned here differed in the biocide component. High levels of bacteriostatic and bactericidal activity were found for needle-punched nonwovens XIII, XIV, XV. These materials showed both bacteriostatic and bactericidal effects against bacteria. The results of their activity against S. aureus were noticeable after 4 h and increased after 6 h of incubation; however, this phenomenon was not observed for biostatic activity against E. coli. The biocide used in these nonwovens gave only a biocidal effect for E. coli, but did not inhibit its Notes.
-low activity, -average activity, -high activity; nt-not tested. growth. The nonwovens contained two types of bioactive fibres, polypropylene with silver that had been deposited in the form of master batches, and another type of acrylic bioactive fibres manufactured by Polymir (Belarus), which could enhance the antimicrobial effect. The evaluation of bacteriostatic activity of the tested nonwovens against E. coli and S. aureus showed that nonwovens XIII, XIV, XV were biologically the most active ones. Nonwoven XIII was the most active among them (biocidal activity of 3.6 for S. aureus and 4.3 for E. coli).
For most samples there were no statistically significant differences for bacteria survival on bioactive nonwovens and their control during the time of incubation with microorganisms (Table 5) . For nonwovens XIII, XIV and XV, there were statistically significant differences both during incubation of E. coli and S. aureus. There were statistically significant differences for nonwovens II, III, IV, but only for S. aureus. Furthermore, there were statistically significant differences for bacteria survival at 0 and after 6 h of incubation on nonwovens VI and VII.
Evaluation of Biostatic and Biocidal Activity of Nonwoven Filters Against Various Microorganisms in the Air
The purpose of this experiment was to compare the antimicrobial activity of a highly antimicrobial nonwoven (nonwoven XIII) against different microflora. The following criteria were used in selecting microorganisms: Nine species of microbes were selected and incubated on control and bioactive nonwovens for 6 h; then they were checked for the number of microorganisms that survived the incubation with nonwovens in experiments condition. Tables 6-8 present the N t survival index, the biostatic and biocidal activity and the statistical analysis of the differences in survival.
The microorganisms survival index N t decreased to zero after 6 h of incubation for E. coli, S. aureus, M. flavus, C. albicans; it stayed at a low level for P. aeurginosa, K. pneumoniae, P. chrysogenum and A. niger. for B. subtilis N t remained at a high level of 0.55 (Table 6) .
Nonwoven XIII had a bioactive effect on all tested microorganisms except B. subtilis, against which both the growth inhibition effect and the biocidal effect were lower than the assumed criterion (Table 7) . B. subtilis belongs to highly resistant microorganisms because of its spore formation (Figure 3 ). Notes. -low activity, -average activity, -high activity. Needle-punched nonwoven XIII had both a biostatic and a biocidal effect on all the microbes, but the biocidal effect was always higher. The tested nonwoven displayed high bactericidal performance and medium fungicidal properties.
The microorganisms that were most sensitive to biocidal effect of nonwoven XIII included Gram-positive coccus S. aureus and M. flavus, and Gram-negative rod E. coli. The nonwoven also displayed high biocidal activity against other pathogenic Gram-negative rods, P. aeruginosa, K. pneumoniae and yeasts C. albicans.
The microbes resistant to the biocide contained in nonwoven XIII were moulds A. niger, P. chrysogenum, for which the nonwoven showed medium fungicidal activity at the level of 1.5-2.4.
Statistical analysis of the survival of various microorganisms on bioactive nonwoven XIII carried out with F, LSD and Dunnett's tests showed that after 6 h of incubation time there were statistically significant differences for E. coli, A. niger and P. chrysogenum, as opposed to the control sample (Table 8 ). For C. albicans, M. flavus, S. aureus, P. aeurginosa and K. pneumoniae there were statistically significant differences between their survival at the beginning of incubation and after 6 h. When the survival of those microorganisms on the tested and control nonwovens was compared, statistically significant differences were found with LSD and Dunnett's tests, whereas the F test did not reveal such differences. The low values of survival index N t after 6 h could have had some influence on the results of the analysis. It was unambiguously stated, however, that there were no statistically relevant differences between the survival index of B. subtilis on the tested and control nonwoven during incubation.
SUMMARY
The results of this study show that bioactive filter materials with added active agents have various antimicrobial activity, depending on the type of fibres, contact time and type of microbes. The efficiency of microorganism growth inhibition primarily depends on the type of the active agent present in the fibres.
The evaluation of bacteriostatic and bactericidal activity of the tested nonwovens against E. coli and S. aureus showed that needlepunched nonwovens XIII, XIV, XV had the highest biological activity. Those nonwovens contained propylene fibres with silver added and acrylic fibres with biocide 3 (the name and composition of the biocide was not revealed by the manufacturer). The most bioactive nonwoven XIII displayed high bactericidal and medium fungicidal performance. The nonwoven contained two types of bioactive agents, which distinctly increased its activity. The addition of preparations with silver ions is not always satisfactory, in spite of numerous literature reports that such nonwovens show good microorganism growth inhibition performance [13, 14, 19, 20, 21] . This primarily depends on the form of silver; in our study nonwovens with silver in master batch form were the most active.
Nonwovens II, III, IV, IX, X, XI (with silver) were not very active because of the silver content in their fibres and the short contact time of the active agent with the microorganisms during the test (6 h).
The active agent should be placed just under the surface of the fibre. A biocide on the surface of the fibre or too deep in the structure of the fibre can be easily removed or does not ensure suitable contact with the microorganisms. Therefore, in such cases microscope analyses are necessary to determine the way the biocides are placed and the size of silver particles. Textiles with nanoparticles of silver and copper have greatest antimicrobial efficiency [13, 19, 20, 22] . The duration of contact is also very important; in our experimental conditions this was determined in real conditions in which masks are used. Contact time of a bioactive nonwoven is a factor contributing to a reduction in microorganisms; the longer the contact time, the more efficient the reduction, which has been confirmed in tests; the biocidal effect of nonwovens increases in line with the contact time with microbes. High efficiency for up to 6 h of use is a significant requirement for filter nonwovens to be used in half-masks.
The biostatic activity of all tested needlepunched and melt-blown nonwovens was lower than their biocidal activity. The nonwovens had a rather more destructive effect on bacteria cell metabolism than inhibited their growth. This is understandable as most often silver, which has a biocidal effect, was the active agent in the fibres [14, 23] .
The low efficiency of some nonwovens with added biocides indicates the necessity to carry out a microbiological evaluation and to select suitable preparations for microorganism growth inhibition.
The selection of microorganisms for testing active nonwovens also seems very important. The study indicates diverse sensitivity of microorganisms to the biocidal effect of active nonwovens. The microorganisms with high viability in environmental conditions that are harmful for them (bacteria from the Bacillus genus, moulds) displayed high resistance also under contact conditions with bioactive filter nonwovens.
If there is a risk of the presence of pathogenic bacteria in the air (e.g., in a hospital environment), additional tests of antimicrobial efficiency of bioactive nonwovens should be carried out with test strains such as K. pneumoniae, P. aeruginosa and S. aureus. Our study showed a high biocidal efficiency of nonwoven used against those pathogens.
